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Unraveling transposition: 'y resolvase in complex with DNA
The structure of yb resolvase with a 34 base pair oligonucleotide reveals
an intricate and novel complex of the protein with DNA and lays
the foundations for understanding transposition at the atomic level.
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Transposons are mobile DNA elements that can migrate
to different regions of the chromosome and that code for
the proteins required to catalyze their own relocation.
Transposition can occur in a replicative or non-replica-
tive manner: in the former, the transposon is duplicated,
leaving a new copy at the insertion site; in the latter, it
simply moves to a new location. Transposons have been
found in a wide range of organisms, including bacteria,
fungi, plants and insects [1].
The y transposon belongs to the Tn3 family of replica-
tive transposons (for reviews, see [2,3]). In this family
transposition is a two-step process (Fig. la); the first step
involves the fusion of the donor and target molecules to
create a molecule which has two copies of the transpos-
able element. This is followed by a site-specific recombi-
nation event that 'resolves' the products, leaving a copy
of the transposable element in the target molecule. The
first step is catalyzed by transposase and the second is cat-
alyzed by resolvase; both proteins are encoded by genes
in the transposon. The y/ resolvase requires the presence
of two 114 base pair (bp) sites, aligned head to tail, in
order to resolve the products. The 114 bp site, named res,
contains three distinct sites (sites I-III) to which a
resolvase dimer can bind. Each of these sites consists of a
12 bp inverted repeat with the repeats being separated by
spacers of different lengths in each site (Fig. lb). The y8
resolvase forms a homodimer in solution and each site is
occupied by one of those dimers. Although all three sites
must be present for the resolvase reaction to proceed,
only site I is actually cleaved. Footprinting experiments
using methidiumpropyl-EDTA.Fe(II) (MPE.Fe(II)) have
shown that the center of site I (but not sites II and III) is
distorted [4] following resolvase binding. In the ensuing
reaction, the two res sites come.- tether and this is fol-
lowed by strand exchange. Clearly, to enable this to
occur some rearrangements of the protein, the DNA, or
both are required and models involving rotation of the
subunits [5] or movement of the broken DNA strands
have been proposed [6].
Several years ago it was realized that y/ resolvase com-
prises two domains that can be separated by chymotrypsin
digestion [7]. One domain spans the 140 N-terminal
amino acids and contains the active-site serine (SerlO),
which is involved in the cleavage of the DNA phosphodi-
ester backbone. The other domain, comprising the 43
amino acids at the C terminus, is responsible for
sequence-specific binding to DNA [7]. The larger (cat-
alytic) domain was crystallized and the structure solved to
2.7 A [8]. Crystals of the intact protein were also studied
but it was found that the C-terminal end of the
Fig. 1. (a) Resolvase catalyzes the sec-
ond step in the transposition of the 'ya
transposon. The first step, catalyzed by
transposase, is fusion of the donor and
target plasmids to form a cointegrate
molecule in which the transposon
(shaded box) is duplicated. The second
step, catalyzed by resolvase, is a conser-
vative recombination event at a site
within the transposon termed res (black
bar). (b) Cartoon of the res site. The res
site consists of three inverted 12 bp
repeats (large open arrows) to which
resolvase dimers bind. Recombination
occurs at the center of site I (vertical
arrows indicate cleavages). The dis-
tances (in bp) between the centers of the
sites are shown below the cartoon. (Fig-
ure reproduced from [9].)
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protein was disordered [6]; this clearly indicated that the
DNA-binding region is disordered or flexible in the
absence of DNA. The catalytic domain is a five-stranded
13 sheet, with four parallel strands and one antiparallel
strand, all sandwiched between three a helices. A fourth
helix, at the C-terminal end of the fragment, rests
against the main body of the protein. The active-site
serine is found in the loop joining the first 13 strand
to an a helix, in a position typical for active-site
residues in cr/ structures.
The yb resolvase dimers have been observed in all crys-
tals of this protein studied so far, suggesting that dimer-
ization represents a preferred form of aggregation for this
protein. Recently, the refinement of the catalytic domain
structure to 2.3 A resolution showed that the catalytic
core is rather flexible and that even the dimers can take
on slightly different conformations [9]. The flexibility
found in the crystals may reflect some inherent property
of the protein that allows it to adapt easily to different
types of interaction.
The determination of the structure of the complex
formed between an intact ya resolvase dimer and a 34 bp
oligonucleotide [10] has now provided a view of the way
the protein interacts with at least one of the res sites on
DNA. The intact protein was crystallized with a sym-
metrized oligonucleotide containing two identical right
halves of site I linked by eight central bps. Several strik-
ing features are apparent in the overall structure (Fig. 2).
The DNA is kinked at the center with a bend close to
600 and is surrounded by the protein. Two long ot helices
(one from each monomer) extend from the C-terminal
end of the catalytic domain and insert in the minor
groove of the DNA. The last 36 residues at the C termi-
nus of the protein form a helix-turn-helix (HTH) motif
that interacts with the major groove. The catalytic
domain dimer is essentially identical to the one observed
previously [8,9].
The [3 strands in the catalytic domain run almost perpen-
dicular to the DNA, with the loops containing the
active-site serines being placed at a distance of 17 A and
11 A from it. Although both serines are located near the
center of the DNA, they are not close enough to make
contacts with the phosphodiester backbone. So, clearly,
some rearrangements of the DNA, the protein, or both,
have to occur in order to bring the DNA and the
active-site serines into closer contact. Amino acids from
both monomers form each of the active sites in the dimer
with some of these residues residing at the base of the
a helix that interacts with the DNA. Movement of this
helix may cause changes in the active-site conformation.
The formation of an HTH motif at the C terminus was
predicted earlier on the basis of sequence comparisons
[2,3]. This is now a familiar structural motif in
DNA-binding proteins, having been observed in, for
example, bacterial repressors, eukaryotic homeodomains,
and histone H5. Not surprisingly, the structure of this
Fig. 2. The structure of the y resolvase-DNA complex. The
resolvase dimer is represented in ribbon diagrams with
monomer A in green and monomer B in gold. The active-site
Serl0 residues have yellow carbon atoms and red hydroxyl
groups. A space-filling model of the DNA is in blue. The DNA
scissile phosphates are highlighted in magenta. (a) A view of the
resolvase-DNA complex shows that helix E of monomer A is
kinked into the minor groove. (b) View perpendicular to (a)
showing the interaction of y8 resolvase with DNA. The central
10 bps closer to monomer B (gold) are shown. (Figure repro-
duced from [101, with permission.)
region in yb resolvase appears to show the greatest simi-
larity to the DNA-binding region of Hin recombinase
[11], a member of the same family of proteins [2,3]. In
both cases, the orientation of the HTH motif is such that
one helix is oriented almost parallel to the DNA axis,
with the N-terminal loop that leads to this helix interact-
ing with the minor groove of the DNA. The second
a helix, the recognition helix, is inserted into the major
groove and makes contacts with the outer bases of site I.
As has been observed now in many instances for
DNA-binding proteins, the contacts include inter-
actions with both the DNA bases and the phosphate
backbone. These occur through either van der Waals
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interactions or hydrogen bonds, with both the side-chain
and main-chain atoms of the protein.
A very striking feature of the complex is the presence of
a long helix which emanates from the catalytic core and
embraces the DNA. This is the helix that is disordered in
the' absence of DNA. The helix runs along the minor
groove before turning into a loop that joins it to the
HTH motif at the end of the protein. In this manner, the
C-terminal end of the protein almost completely sur-
rounds the DNA. The two helices form a scissors-like
interaction in the dimer, although the 'blades' of the scis-
sors are not symmetrical, as one of the helices is kinked.
Superficially, the disposition of the helices looks very
similar to that observed in the bZIP family of
DNA-binding proteins (e.g. GCN4 [12] and Fos/Jun
[13]), but on closer inspection it is apparent that they are
very different: in yb resolvase the helices interact with
the minor groove (as opposed to the major groove); the
angle between the helices is very different; and the
helices show an opposite N to C polarity. The interac-
tion of each helix with the minor groove continues
through the loop joining the helix to the HTH motif
and involves the central bases of the half-site of the DNA
with the result that the entire site I is in contact with the
protein dimer. Not surprisingly, many of the interactions
are with highly conserved residues and are equivalent to
those observed in the Hin-DNA complex [11].
The DNA is kinked at two places in the center, but away
from the kinks it is essentially straight and in B form con-
formation. The kinks occur at the TATA steps at the
center, the place where the protein forms the transient
phosphoserine bond during the reaction. As in many
other cases of protein-DNA complexes, for example
those with the catabolite gene activator protein [14] or
with the TATA-binding protein [15,16], the-bending of
DNA is not smooth and distributed amongst several
bases, but instead is rather well localized, causing the
DNA to kink sharply. Kinking of DNA is not the only
way of achieving curvature but it is clearly not unusual
either. In the case of yb resolvase, the kinking of the
DNA is towards the major groove, causing the minor
groove to widen and introducing a writhe of +240. This
widening is consistent with the observation that site I is
more susceptible to cleavage by MPE.Fe(II) [4]. The
spacing between the binding sites is different for res sites
II and III, indicating that the kinked conformation of site
I may be a property of this site alone and that the
resolvase protein may interact with DNA in more than
one manner in accordance with these different spacings.
It is not clear, however, what makes the kinked confor-
mation stable, especially as the resolvase protein appears
to be both flexible, as it is able to accommodate other
DNA conformations, and able to make a rather limited
set of contacts with the DNA.
The structure reveals one possible conformation of the
protein when bound to DNA but fails to answer the
question of how the two active-site serines and the
DNA can interact. The structure of the catalytic core
revealed that they were too far apart for both to interact
with DNA simultaneously and in the structure of the
resolvase-DNA complex this is still the case. Rice and
Steitz [6] had proposed that the DNA strands could be
unpaired at the center in order to allow them to approach
the active sites. The structure of the complex, however,
does not show this conformation so an alternative solu-
tion was proposed by Yang and Steitz [10], involving
sequential cleavage of the two DNA strands. In this case,
rearrangements have to occur that bring first one active
site, and then the other, close to the DNA with a covalent
intermediate forming with the first cleaved site before
cleavage of the second occurs. Although some flexibility
has been observed in the catalytic core, it is unlikely that
the core can accommodate all the changes needed; the
helices forming the blades of the scissors are more likely
candidates for the key players in any large rearrangements
of the protein-DNA complex.
During the resolution reaction three yb resolvase dimers
are bound to each of the two res sites on the DNA,
forming a synaptosome that contains a total of six
resolvase dimers. The quaternary arrangement of the
dimers is crucial for understanding the strand-exchange
reaction. Rice and Steitz [6] have suggested that the
packing of the dimers during crystallization may reflect
the arrangement of the dimers in the synaptosome, as
they have noticed identical packing in two crystal forms
[6,8]. The same packing does not, however, occur in the
structure of the protein-DNA complex [10]. Plausible
models can be built using the arrangement found in the
crystals of the protein alone and this has been carried out
for the tetramer of dimers bound to the two sets of sites
II and III. A model for the dimer of dimers bound to the
two sites I can be built in two ways. In one model, the
two DNA molecules are too far apart to explain easily
the strand-exchange reaction without evoking major
movements of the protein dimers. The second model
places the DNA molecules closer together, with the
cross-over points facing each other; strand exchange
would only require minor movements in this arrange-
ment. Clearly, more information is needed in order to
discern the quaternary arrangement in the synaptosome.
Two very different mechanisms have been proposed for
the strand exchange. One involves rotation of the protein
dimers [5] and the other involves changes in the DNA at
the cross-over points to allow strand exchange by move-
ment of the DNA [6]. The recent structure determina-
tion [10] does not provide an answer to the question of
the mechanism of strand exchange, as it is consistent with
both models, but one thing that this and other structural
studies of yb resolvase certainly tell us, is that the protein
must be able to adopt different conformations. Proteins
that catalyze complex rearrangements of DNA are flexi-
ble molecules capable of attaining different conforma-
tions. The structures that have been solved so far have
revealed snapshots of some of these conformations, nec-
essarily stable ones, but other conformations need to
758 Structure 1995, Vol 3 No 8
occur during the course of the reaction. More structures
will certainly shed light on the mechanism of action of
these proteins but structures alone will not provide all the
answers. The challenge for the future remains to be able
to combine biochemical and structural data to under-
stand how this type of protein does its work.
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